The (1994) Arthur's Pass earthquake (M w 6.7, South Island, New Zealand) had a complex aftershock sequence including events aligned with major mapped faults. To determine whether the major NE-SW-trending strike-slip faults in the region were activated during this aftershock sequence, we investigate the largest well-recorded aftershocks. The Arthur's Pass earthquake itself was a reverse-faulting event, but the majority of the aftershocks were strike-slip. We use the empirical Green's function method to obtain source time functions for four aftershocks (M L 4.1-5.1). We then invert for slip on each nodal plane and compare the variance reduction to determine which is the fault plane. The two largest earthquakes (M L 5.1 and M L 4.2) located close to the mapped trace of the Bruce fault both occurred on fault planes striking NNW-SSE, perpendicular to the strike of the Bruce and other regional strike-slip faults. The third earthquake studied (M L 4.1), located on a lineation of aftershocks parallel to the regional mapped trend, had a preferred fault plane with a NE-SW strike. The fourth aftershock (M L 4.1) was located close to the main-shock fault plane and had an oblique reverse mechanism. This earthquake exhibited northward directivity, but the fault plane could not be identified. The earthquake stress drops ranged from 1 to 10 MPa.
I N T R O D U C T I O N
The 1994 June 18 Arthur's Pass earthquake (M w 6.7), which struck the central South Island of New Zealand, had a complex aftershock sequence (Abercrombie et al. 2000; . The earthquake was located about 25 km SE of the Alpine fault, which forms the boundary between the Australian and Pacific plates through the South Island (Fig. 1) . The South Island is an area of oblique convergence, with plate motion partitioned between strike-slip and reverse faults (Anderson et al. 1993) . NE-SW-trending strike-slip faults, including the Alpine and Harper faults, dominate the northern and central South Island (Fig. 1) . The Arthur's Pass earthquake was a shallow (depth 5 km), primarily reverse-faulting event, striking NE-SW (Abercrombie et al. 2000) . The aftershock sequence extends approximately 30 km SSE of the fault plane and is elongated perpendicular to the strike of the Bruce, Harper and other main mapped faults. Lineations of aftershocks also occur parallel to and aligned with these principal faults.
The majority of the aftershocks to the Arthur's Pass earthquake have strike-slip focal mechanisms, consistent with the regional stress field . The nodal planes predominantly align parallel and perpendicular to the NE-SW-trending mapped faults. It is unclear whether significant slip occurred on the larger mapped faults (the Bruce and Harper faults, Fig. 1 ), or on unmapped conjugate faults.
The 14 largest aftershocks to the Arthur's Pass earthquake had M L >5 (Haines 1981) , but 13 of them occurred before the portable stations were installed and so were poorly recorded. 11 of the largest aftershocks, including the largest (M L 6.1), cluster at the southern end of the aftershock zone near the Harper fault ( Fig. 1) . One of the other three large aftershocks occurred NW of the main shock, one to the SW (near station WILA) and one near the mapped trace of the Bruce fault (M L 5.1, Event A in Fig. 1 ). Regional and teleseismic data constrain the largest aftershocks to have principally strike-slip mechanisms consistent with rupture on the Harper fault or a conjugate fault (Abercrombie et al. 2000; . The fault planes cannot be distinguished from the regional short-period or strong-motion recordings. The aftershocks to the M L 6.1 earthquake (1994 June 19; the most easterly of the lineation of M L i5 events extending from near station CASA) align roughly NNW-SSE, consistent with this largest (M L 6.1) aftershock having ruptured a conjugate fault to the Harper fault (Abercrombie et al. 2000) . The aftershocks to the M L 5.7 earthquake (1994 June 21; the M L i5 aftershock nearest station HPRA) align roughly parallel to the Harper fault, suggesting that this (M L 5.7) aftershock may have ruptured the Harper fault.
When the fault plane of a moderate-sized earthquake cannot be distinguished from the distribution of the aftershocks, the waveforms of the recorded seismograms can be used to determine the fault plane (e.g. Mori & Hartzell 1990; Mori 1993 Mori , 1996 Dreger et al. 1995) . We use the procedure developed by Mori & Hartzell (1990) to determine the fault planes and source parameters of four well-recorded aftershocks of the Arthur's Pass earthquake.
The aims of the present study are to determine whether any of the larger mapped faults experienced significant seismic slip during the aftershock sequence, to confirm whether unmapped conjugate faults exist in the area, and to investigate whether aftershock lineations represent planes of significant slip. In addition, we obtain some of the first estimates of seismic moment and stress drop for moderate-sized New Zealand earthquakes.
D A T A A N D M E T H O D
The Arthur's Pass earthquake sequence was recorded by the New Zealand National Seismograph Network (NZNSN) of short-period (1 Hz, 100 sample s x1 ) EARSS seismometers (Gledhill et al. 1991) . 16 portable seismometers of the same type were installed in the five days following the main shock. The aftershocks were relocated using NZNSN and portable recordings and a 3-D velocity structure derived from inversion of the best-recorded events (Abercrombie et al. 2000) . 10 M L i4 earthquakes occurred during the period of the portable deployment and were located with standard errors of j0.5 km horizontally and j 1 km in depth. Mori & Hartzell (1990) developed a two-step procedure to determine the fault plane from the recorded seismograms. First the site and path effects are removed from the seismograms of the earthquake of interest (main shock) using empirical Green's functions derived from the recordings of a relatively small, collocated earthquake. The resulting source time functions are then inverted for slip on each nodal plane of the focal mechanism to determine which matches these data better.
We searched the catalogue of well-located aftershocks for potential empirical Green's function events for the 10 wellrecorded earthquakes. We required the empirical Green's function earthquakes to be well located, to be at least an order of magnitude smaller than their respective main shocks, and to be located within 2 km horizontally and 3 km in depth. We found candidates for four of the larger earthquakes, which we designate A, B, C and D, listed in Table 1 and plotted in Fig. 1 . Both Events A and D had a second potential empirical Green's function earthquake, but the resulting deconvolutions were noisy, so we did not use them in the inversions. The focal mechanisms of Events A, B, C and D and their empirical Green's functions are well constrained, using both first motions and also amplitude envelopes of the PS waves .
The four aftershocks that we are able to study include the only aftershock with M L i5 that was recorded by the portable network, on June 29 (M L 5.1, Event A, Table 1 and Fig. 1 ). This aftershock was the largest to occur near the mapped active trace of the Bruce fault during the entire aftershock sequence. The second earthquake that we study (B, M L 4.2) is also located close to the trace of the Bruce fault, and Event C (M L 4.1) is located in a parallel-striking lineation of aftershocks to the north (Abercrombie et al. 2000) . Both of these earthquakes have similar strike-slip mechanisms to Event A. The fourth earthquake (D, M L 4.1) is located further north, near the inferred western termination of the main-shock rupture. Event D has a more oblique focal mechanism and a significant component of reverse motion, in common with many aftershocks near the main-shock fault plane . Event D is also located close to the first M L 5.1 aftershock that occurred 15 min after the main shock. This first M L 5.1 aftershock was too poorly recorded to determine a focal mechanism.
To determine the source time functions of Events A-D, the seismograms of the small earthquakes (empirical Green's functions) are deconvolved from those of their respective main shocks following the procedure described by Mori (1993 Mori ( , 1996 . At all available stations, a time window between 3 and 4 s long, centred on the main-shock P or S waves, is chosen to include the principal arrivals. The vertical-component seismograms are used for the P waves and the two horizontal components are rotated to produce SH. The input waveforms for Event B are shown as an example in Fig. 2 . We then deconvolve the empirical Green's function from the main-event seismogram by spectral division. Deconvolutions are calculated for all available stations and data, including S waves, but some of the deconvolved waveforms have low signal-to-noise ratios. Noisy data are dropped from the subsequent slip inversion so as not to degrade the stability of the inversion. The resulting source time functions, which we use in the inversions, are shown in Figs 3-6. 
S L I P I N V E R S I O N
We adopt the slip inversion procedure of Mori & Hartzell (1990) and Mori (1993) . The inversion solves for slip distribution on a given fault with a circular rupture front moving at a constant rupture velocity. The model fault is divided into a grid of subfaults centred at the hypocentre. We calculate synthetic source time functions for each subfault using a technique similar to quake7 (Spudich & Frazer 1984) . We use a rectangular grid rather than a triangular grid, however, and the directivity effects for the subfaults are calculated using a standard cosine directivity function rather than by numerical integration of rupture time isochrons. We use an 11r11 grid of subfaults in each case, as this number of unknowns is reasonable for the available input data. We vary the size of the individual subfaults in the different events to obtain a fault dimension appropriate for the average duration of the source time functions and the size of the earthquake. The grid sizes and other input parameters to the inversion are given in Table 2 . The waveforms are all normalized to unit area so as to give each station equal weight in the inversion. The slip is calculated by least-squares inversion with a positivity constraint (Lawson & Hanson 1974) . The fit of the data to the model is evaluated using the variance, which we normalize by the square of the maximum amplitude of the input data for each earthquake. The uncertainty in the slip on individual subfaults is estimated from the model covariance matrix and a data error estimate of 10 per cent (Mori & Hartzell 1990; Mori 1993) . We perform the inversion on both nodal planes for each focal mechanism, using a range of fixed rupture velocities. If one nodal plane consistently produces a better fit to the data then it can be interpreted as the fault plane. Rupture velocity is typically between about 60 and 90 per cent of the S wave velocity (b) (e.g. Dreger 1994a). At the hypocentral depth of Events A and D, b is 3.5-3.6 km s x1 , and at the shallower depths of Events B and C, b is 3.2-3.4 km s x1 (Abercrombie et al. 2000) . We invert all four earthquakes by assuming rupture velocities between 2.0 and 3.6 km s x1 at 0.1 km s x1 intervals.
To estimate the actual values of slip, the seismic moment of the solution is set equal to the moment of the main shock (Table 2 ) calculated from the S-wave displacement spectral amplitudes (Brune 1970) . To calculate the moment of the slip model, we assume that the rigidity is 3.5r10 10 N m x2 . 
R E S U L T S Event A (M L 5.1)
The source time functions derived for Event A at stations WAIA and HALA to the north are longer than those from stations to the south (CASA and DOUA), which implies that rupture propagation is to the south (Fig. 3a) . The inversion finds consistently better fits with the 165u nodal plane than the 257u nodal plane (Fig. 3b) . We interpret the 165u plane as the fault plane, and therefore conclude that this earthquake did not rupture the Bruce fault but a conjugate fault. The variance decreases with increasing velocity at low rupture velocities, and then is almost constant for both planes above about 2.4 km s x1 . At low velocities (<2.4 km s x1 ) the model slip is not able to propagate far enough across the model fault plane to match the data well. Previous studies (e.g. Mori & Hartzell 1990; Mori 1993; Dreger 1994b) have found that slip inversions yield only a weak constraint on the rupture velocity. The variance is often observed to decrease with increasing velocity simply because the faster propagation enables more subfaults to rupture and so increases the number of free parameters (Mori & Hartzell 1990) . The actual minimum variance reduction is thus not a reliable indicator of rupture velocity. A relatively simple distribution of slip that remains stable with small changes in rupture velocity is the most reliable indication of a good fit (Mori 1993) . We therefore prefer a rupture velocity of 0.8b, which is a typical average, for all four earthquakes studied here. For Event A, 0.8b is 2.8 km s
x1
; the corresponding slip distribution is shown in Fig. 3(c) and the uncertainties in Fig. 3(d) . The average non-zero slip is 12 cm and the average errors are 3-6 cm, about 50 per cent of the average slip. The slip distribution remains stable for the rupture velocities from 2.7-3.2 km s x1 . If the rupture area is equated to a circle, then the stress drop is about 8 MPa for the entire rupture and 20 MPa if only the principal region of slip is considered (Eshelby 1957) .
The source time functions of Event B are shorter at stations CASA and DOUA to the south than at HALA to the north (Fig. 4) . Also, the waveform at PEAA is more similar to that of HALA than that of CASA, suggesting that it is on the same Aftershock fault planes from slip inversion 139 side of the fault as HALA (Mori & Hartzell 1990) . The slip inversion is consistently able to obtain a better fit to the data using the 150u plane, so we interpret this to be the fault plane. The variance of both planes (Fig. 4b) decreases with increasing velocity, reflecting the observed increase in the number of subfaults ruptured as the rupture velocity is increased. A rupture velocity of 2.6 km s x1 is about 0.8b at the depth of Event B, and results in a concentration of slip up-dip and to the SSE of the hypocentre. Again, the slip distribution is relatively insensitive to moderate changes in rupture velocity. The average stress drop, including all the area that ruptured at 2.8 km s
, is about 3 MPa.
This earthquake has the most complex source time functions (Fig. 5a) . Only a small pulse can be discerned at the origin, followed by a much stronger one approximately 0.25 s later. We interpret these as an initial small subevent triggering the main slip. The large slip is probably displaced from the hypocentre because the timing of the largest peak varies from station to station. It arrives earliest at WAIA and WILA, next at HALA and last at PEAA and LAKA. We attempted a relative relocation of the two subevents, but the small amount of data and ambiguity of picking the onset of the second subevent resulted in minimal constraints. The slip inversion is able to match the data significantly better using the 253u plane over most of the velocity range. A rupture velocity of 2.5 km s x1 corresponds to 0.8b at the hypocentre. The slip patterns on the 253u plane are relatively stable for small changes in the rupture velocity, and consistently show a small patch of slip at the hypocentre and a larger one at similar depth to the ENE. When using the 158u plane, the inversion is only able to match the waveforms by distributing the slip randomly around the slip plane. At velocities greater than 3 km s x1 the rupture front reaches the edge of the model fault grid by the end of the largest subevent. To ensure that our results are not being affected by the small grid size, we re-invert the data from this earthquake using a larger 300r300 m subfault size. The lower-resolution model cannot fit the waveforms as well, but the best fit is still for the 253u plane at a rupture velocity of about 2.5 km s x1 . This earthquake involved a small initial subevent at the hypocentre, followed by the largest subevent about 600 m ENE, at approximately the same depth. The average stress drop is about 1 MPa for the entire rupture area, and 6 MPa in the largest subevent, assuming the rupture velocity to be 2.5 km s
Event D has the shortest, simplest source time functions, with an average duration of only about 0.1 s (Fig. 6a) . Some azimuthal variation can be seen, with the pulse peaking earliest at PEAA and LAKA, and later at DOUA and CASA. The inversion variance is similar for both planes, however, and the slip patterns are simple and stable to small changes in rupture velocity (Figs 6b, c and d) . The source time functions are so short that the slip is concentrated in the central nine subfaults even at rupture velocities nearing b. Decreasing the subfault size would not be worthwhile, as such high resolution requires higher frequencies than are present in the data. The average stress drops are about 9 and 12 MPa for the 45u and 149u nodal planes, respectively, assuming that the rupture velocity is 2.8 km s x1 (0.8b).
D I S C U S S I O N A N D C O N C L U S I O N S
We have determined the fault planes of three of the four earthquakes studied. The hypocentres are well constrained and the inversions are relatively insensitive to hypocentral errors since they do not use absolute times, and small and nodal arrivals are excluded. The orientations of the fault planes are subject to the same uncertainties as the original focal mechanisms, probably less than 15u (R. Robinson, personal communication, 2000) . Such errors will produce uncertainties in the slip distributions. The good station distributions mean that these uncertainties should not affect our choice of fault plane. Events A and B are the largest in a group of aftershocks located vertically beneath the mapped active trace of the Bruce fault, but they ruptured fault planes at a high angle to this fault. Hence, the Bruce fault cannot have slipped in an earthquake larger than about M L 4. Event A was the only one of the four earthquakes studied that was large enough to have identifiable small aftershocks. These seven aftershocks occurred close to Event A within the following 30 min They align roughly NW-SE, consistent with the 165u fault plane preferred by the slip inversion. The largest aftershock in the whole Arthur's Pass sequence was located near the surface trace of the Harper fault, but probably did not rupture this fault but an unmapped conjugate (Abercrombie et al. 2000) . Therefore, although alignments of aftershocks occurred along both the Bruce and Harper faults, in neither case did the largest of these aftershocks rupture the mapped faults.
Event C is located within a lineation of aftershocks striking parallel to the Bruce fault to the north. Unlike the other two earthquakes, the preferred rupture plane of this event (253u) is close to the regional mapped fault trend. This suggests that some slip occurred on an unmapped right-lateral strikeslip fault that was activated during the Arthur's Pass aftershock sequence.
Few measurements of the seismic moment of New Zealand earthquakes are available, so those obtained here significantly improve the calibration of the New Zealand M L (Haines 1981) . They yield M w #M L x0.7. Global estimates of M w for the larger earthquakes in the region are about 0.3 magnitude units smaller than M L . Leitner et al. (2001) calculated moment tensors for four aftershocks of the nearby Cass earthquake and found that M w #M L x0.25.
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